We have identified 15 new Australasian microtektite sites along a transect roughly N-S in the Central Indian Ocean. These locations, in addition to the existing 46 sites, total to 61 microtektite sites in the oceans. We carried out regression analysis of a selected area Central Laos, the center of this site is at 18 0 N and 104 0 E. Therefore, with progressive increase in microtektite data, the location of the impact site seems to get defined more rigorously. Based on the equations for the concentration of the ejecta, and the distance from the source region, the calculated crater size has a diameter range between 33-120 km. Interestingly, the lower size limit of 33 km has been found closer to ground truth by verification from the microtektite data of the Ivory coast strewn field.
respectively) and, the entire data of 61 sites. This area was chosen because, based on various lines of evidence, several investigators suggested impact craters for the strewn field within this broad area. The 41 site data set defines an impact site at about 12 0 N and 106 0 E. Whereas, the contours joining the highest values of square of the correlation coefficient by using 46 site and 61site datasets, define an area located in NE ThailandCentral Laos, the center of this site is at 18 0 N and 104 0 E. Therefore, with progressive increase in microtektite data, the location of the impact site seems to get defined more rigorously. Based on the equations for the concentration of the ejecta, and the distance from the source region, the calculated crater size has a diameter range between 33-120 km. Interestingly, the lower size limit of 33 km has been found closer to ground truth by verification from the microtektite data of the Ivory coast strewn field.
INTRODUCTION
Among the four known tektite strewn fields, the Australasian tektite strewn field is perhaps the largest, covering an area 1/10 of the earth's surface (Glass et al., 1979) and, at 0.77 Ma is also the youngest strewn field (Kunz et al., 1995; Izett and Obradovich, 1982) however, the impact crater is still unknown. Tektite research spans over a hundred years, during the initial years the origin of this field was hotly debated. Over the last few decades, several lines of evidence have been important to provide increasingly strong evidence of an impact origin of this strewn field. Some of the strongest evidences for impact have been derived from geochemical studies. The fact that tektites are the impact melt products of continental upper crustal rocks has been established by systematic and detailed geochemistry (Taylor, 1962; Taylor and Kaye, 1969; Koeberl, 1986 and Koeberl, 1994) . Subsequently, the presence of an iridium anomaly (Schmidt et al., 1993; Koeberl, 1993) , discovery of shocked minerals associated with the Australasian microtektite layer (Glass and Wu, 1993) , and more recently, finding of shock lithified rock fragments associated with the Australasian microtektite layer (Glass and Koeberl, 2006) , have demonstrated the impact origin of this strewn field beyond doubt.
The search for an impact crater, which generated the Australasian tektite strewn field has a long history. Several approaches have been made in order to identify the crater that generated the Australasian tektite strewn field. Although most investigators agree for a crater in the Indochina region, none has been pinpointed yet. Among the initial proponents, Cohen (1962) suggested a crater in eastern Thailand based on analysis of Nicontent, which followed a two lobed pattern from Thailand.
Recognizing the high concentration of the massive Muong Nong-type tektites in the Indochina region, subsequent investigators focused their efforts in this region. Using remote techniques, such as airborne surveys, and landsat imagery, Hartung and Rivolo (1979) , and Ford (1988) suggested an oval ring of hills in NE Cambodia to be the source, whereas based on negative gravity anomaly, Schnetzler et al. (1988) indicated the continental slope off Vietnam to be a possibility. Using satellite imagery and field investigations, Schnetzler and McHone (1996) proposed that the impact site could be subdued and hidden in eastern Indochina. Stauffer (1978) analysed the radial and concentric pattern of the tektites and suggested that the crater was buried beneath the alluvial deposits in the lower Mekong valley, in Vietnam. Hartung (1990) and Hartung and Koeberl (1994) subsequently favored the 100 X 35 km lake Tonle Sap in Cambodia because of its inferred age and also, the long axis of the location of the lake agrees well with an extremely oblique incidence of the projectile which explains the geographical distribution of tektites.
Based on the distribution of Muong Nong-type tektites, Barnes (1964 Barnes ( , 1989 and Wasson (1991) suspected a cometary projectile, while the former suggested in situ melting of soil by a diffuse comet over the whole region of Muong Nong-type tektites, the latter felt that there could have been multiple local sites of impact, which generated the entire stewn field. However, the multiple impact origin has been disputed by the uniform composition of Muong Nong type tektites (e.g., Blum et al., 1992) and the target stratigraphy inferred from the 10 Be isotope data (Ma et al., 2004) . Again based on the geographical variation in composition and the distribution of Muong Nong-type and splash form tektites, backed up by intensive field study Schnetzler (1992) Lee et al. (2004) indicated the provenance of these tektites to be non-marine Jurassic sediments, which are found to occur in the southern part of Thailand-Laos.
Microtektites belonging to the Australasian tektite strewn field enjoy a unique position, because they reveal the geographic extent of the strewn field, they conform stratigraphically to the radiometrically determined ages and, unlike tektites on land, they are not transported from their places of deposition, therefore provide an opportunity for quantitative estimates. Schmidt et al. (1993) , based on the microtektite fluence from data on Australasian tektite generated by Glass and coworkers over the years suggested a location (14 o 46 N; 105 0 25'E) in the Buntharik area, Thailand to be probable impact site.
Based on the microtektite fluence variation from the northern part of the strewn field down to the edge of the strewn field in the south, Glass and Pizzuto (1994) carried out regression analysis of decay in microtektite concentration from a hypothetical source crater and suggested Central Cambodia to be a candidate site. This was further refined with the addition of data by Burns and Glass (1989) , Lee and Wei (2000) , Glass (2003) . Glass and Koeberl (2006) in addition to the microtektite fluence also considered the concentration of unmelted ejecta in the cores especially in the South China Sea, which is in the close proximity of Indochina and further refined the site to 22 0 N and 104 0 E in Northern Vietnam.
We have been collecting Australasian microtektites between 1990-2003 from the Central Indian Ocean basin and have so far identified 23 locations of microtektites and two tektites (Prasad and Rao, 1990; Prasad 1994a Prasad , 1994b Prasad and Sudhakar 1996 a; 1996b; Sudhakar 1998, 1999; and Prasad and Khedekar, 2003) . Out of the 23 locations identified during our studies, 15 sediment cores contain an identifiable peak abundance of the Australasian microtektite occurrence. We have carried out regression analysis of the total available data on Australasian microtektite abundance (including these 15 cores) in order to further evaluate the possible impact site location in the light of the new data and also calculate the size of the source crater for the Australasian tektite strewn field.
MATERIALS AND METHODS
The sediment cores have been collected during several cruises which were undertaken between 1982 -2003 in the Central Indian Ocean ( (Glass and Koeberl, 2006) .
All the cores were sub-sampled at 5 cm interval, except for AAS 62/55 and AAS 62/56 which were sub-sampled at 2 cm interval. Blocks of 3.5 X 3.5 X 5 cm from the core top separation was used to concentrate microtektites, which were later picked using a binocular microscope. The Australasian impact event is an instantaneous event in geologic time, and it is anticipated that the entire ejecta would have been deposited as a single layer in the sediments. The ejecta has been subsequently dispersed within the length of the cores due to bioturbation. Therefore, the total quantity of microtektites recovered from both these size fractions from the entire length of each sediment core, represents the number of microtektites that have been deposited in an area of the seafloor measuring 3.5 X 3.5 cm (12.25 cm 2 ). Microtektite abundances were derived in the same manner for all the cores. Larger quantities of sediment (blocks of 15 X 15 X 15 cm) were searched earlier for tektite material in one of the cores (Prasad and Sudhakar, 1999) . For the southernmost cores (AAS 62/56 and AAS62/55), a box corer was used to collect large quantities of material (50 X 50 cm area) from this low sedimentation, red clay region. In both the cases, the sampler did not penetrate the peak microtektite layer, however, large numbers of Australasian microtektites have been recovered, especially from AAS62/56
and we suspect the sampler was quite close to the peak abundance stratum in this core.
These two cores have therefore been excluded from the calculations involving crater location. Similarly, AAS4/12, located much north of these cores is also excluded since we suspect that the corer had not penetrated the peak abundance horizon.
MICROTEKTITE SIZES AND ABUNDANCES
For determination of average microtektite size, we measured diameters of representative numbers of mostly unetched, spherical microtektites using a binocular microscope, from both the size fractions (125-250 and >250 m). The weighted mean average microtektite size for each core was determined. The weighted mean average size for the entire data (16 cores) was determined by averaging the weighted mean average diameters of all the cores. In all, diameters of 1889 microtektites from 16 cores were measured and the average sizes were determined for each of the cores which varied from 232 to 353 m and the average microtektite size for all 16 cores is 269 m (Table 1) . This is quite close to the average microtektite size of 267 m determined for the entire strewn field by Glass and Pizzuto (1994), whereas they found a larger average size range of 130-467 m from 39 sites. There is a general decrease in abundance N-S as anticipated, from ~90 microtektites of >125 m/cm 2 in the northernmost cores to 8.16 in AAS38/5 which is the southernmost location (Table 1) . In all these cores, we find that the cores with higher abundances have lower average microtektite sizes. The southernmost cores have the least abundance and highest average size.
On an average, the size class 125-250 m contains twice the number of microtektites than >250 m size class (Table 1 ). The average ratio of abundance between 125-250 and > 250 m size classes for 18 cores in this study is 2.19. This ratio varies from 1.24 (AAS4/6) to 3.6 in AAS4/2 which is located along almost the same latitude, but is ~3 degrees west of AAS4/6. While it is anticipated that at locations where the 125-250 m microtektites are larger in number, the average size would be skewed towards the lower size class -however, this does not seem to happen in this data set. In all the stations, the average size seems to be dictated by overall abundance, which appears to have an inverse relation with average size. It has been observed that the microtektite abundance increases with decreasing size down to at least 40 m (Glass and Pizzuto, 1994) , although the bulk of the mass was suggested to be residing in the >125 m size category (Glass, 1968) .
LOCATION OF SOURCE CRATER
Including the 15 locations in this study, we find that there are 61 microtektite locations that contain the Australasian microtektite peak of abundance along with quantifiable estimates of microtektites (Table 2 ). In addition, there are 14 other locations where microtektite abundance estimates are not possible (Table 3) . Thus, today we know 75 locations containing Australasian microtektites, which define the boundaries of this strewn field and the quantity of ejecta generated.
Based on the method devised by Burns and Glass (1989) , Glass and Pizzuto (1994) carried out regression analysis using microtektite data from 42 locations for determining the location of the crater. The crater location was determined by first assuming a location for the crater and then performing the regression analysis of the microtektite number density at each site versus the distance from the postulated crater location. Then the loglog plot of microtektite abundance versus distance from postulated location was plotted which is fitted with a least square fit straight line and then the square of the correlation coefficient (R 2 value) between the regression line and the actual data is computed for the postulated crater location. The site with the highest R 2 value represents the crater that best explains the spatial variation in microtektite concentrations. In order to find the location having the highest R 2 value, initially the spatial distance of each of the core locations from the predicted crater location was calculated (Glass and Pizzuto, 1994 ).
Similar method was followed by Lee and Wei (2000) by adding two more locations located closer to the source area, and confirmed the crater location determined by Glass and Pizzuto (1994) .
A majority of the locations postulated by various authors (Table 4 ) are seen to be falling close to each other demarcating an area roughly defined by the coordinates 12 -26 0 N and 98 -112 0 E (Fig. 2) . We have chosen twelve such locations given by several investigators (Table 4) . We carried out a detailed correlation analysis in this area by first considering each point within the above specified area as being the postulated crater location. These points are in the form of nodes in a mesh with 0.5 0 spacing. Once such a node from the specified area is assumed to be the crater location its distance with respect to each one of the microtektite core sites in the Australasian strewn field is computed.
The relation between the distance from the crater location and the microtektite concentration is such that it indicates the decay in abundance as the distance increases.
To find out the reliability of the postulated crater location a regression analysis is carried out over the plot of log 10 (thickness of the microtektite layer) versus log 10 (distance from the hypothetical source). By regressing these data points a linear, best fit line is obtained whose correlation with the entire data gives an indication of how well the crater location has been postulated.
On carrying out this activity over the entire specified area, the square of correlation coefficients or R 2 values were computed at each of these nodes. A total of 841 R 2 values were contoured within the co-ordinates mentioned above (12 -26 0 N and 98 -112 0 E). Contouring these values joins all the nodes having similar R 2 values wherein the innermost contour has the highest R 2 value. This offers a rigorous way to estimate the most probable locations of the crater with respect to the coordinate system. Also, the shapes of the contours delineate the probable shape of the crater.
We considered three microtektite data sets in determining the correlation coefficient for all the crater locations postulated by various authors within the grid shown in Fig. 2 . 1.
Data from Glass and Pizzuto, (1994) from which we used only 41 locations (discarding core E48-6, as it had an abundance of only 1 microtektite). (2) Microtektite abundance data from Glass and Koeberl (2006) , representing microtektite sites which total to 46 locations. In addition to the 41 sites of Glass and Pizzuto (1994) , this data set also contains 5 additional sites in the South China Sea (including two sites reported by Lee and Wei (2000) . (3) Complete data of 61 microtektite sites, which includes additional 15 locations from the Central Indian Ocean from the present study, added to the 46 locations from Glass and Koeberl (2006) .
Using these three data sets, we have tried to predict the crater location based on the highest correlation coefficient or the R 2 value. Table 4 gives the correlation coefficients obtained by using these three data sets for 12 predicted crater locations within the square shown in Figure 2 . Figure 3 shows the various correlation coefficients obtained by using these three data sets. It is observed that the effect of adding the 15 new core sites to the 46 core site locations, is that the overall correlation coefficient decreases by only 5%, confirming the validity of the method. The reason for such decrease could be attributed to the large distance at which the new core sites are located. However, the pattern of variation in R 2 value is retained, and is identical to that generated by using microtektite data of Glass and Koeberl (2006) (Fig. 3) . It is observable that there are marked differences in the correlations for these locations when compared to the data of Glass and Pizzuto (1994) . Within this large area (12 -26 0 N and 98 -112 0 E), considering the Glass and Koeberl (2006) microtektite data and the 61 location total data set, the location having the least correlation is the Qui Nhon continental slope off Vietnam, followed by the location off the Vietnam coast proposed by Chaussidon and Koeberl (1995) .
Whereas, the location proposed by Glass and Koeberl (2006) (22 0 N and 104 0 E), shows less correlation coefficient when we consider exclusively the microtektite data from 41 sites, 46 sites and 61 sites (Fig. 3) . However, Glass and Koeberl (2006) defined a large, oval area in this region by using unmelted ejecta from 13 cores located in the South China Sea, Philippines Sea, Sulu and Celebes Seas. They then calculated the regression values for all microtektite locations having microtektite abundances of >50 and derived R 2 values of 0.73 for 22 0 N and 104 0 E, however, when they evaluated the same site using unmelted ejecta they obtained R 2 value of 0.83.
When we use the 46 microtektite location data (Glass and Koeberl, 2006) and construct a contour plot for the area between 12 -26 0 N and 98 -112 0 E, we find that the highest R 2 value corresponds to the inner most oval contour shown in Fig 4a, the crater location falls within this innermost contour, located in NE Thailand -Central Laos. We now added the 15 locations from this study to the 46 presented by Glass and Koeberl (2006) , and followed the same procedure with the result that the center of the location showing maximum correlation coefficient is seen at 18 0 N;104 0 E (Table 3 , Fig.4b ) located in the central part of Laos. Hence, on a finer scale 18 0 N; 104 0 E may be a more appropriate crater location using microtektite data. This location is in the same broad area as that
shown by the 46 site data of Glass and Koeberl (2006) , however, there is a very slight eastward shift into the Gulf of Tonkin. The oval shape of this crater with a N-S south elongation is apparently in agreement with the ejecta distribution in the strewn field. The impact site derived from unmelted ejecta (Glass and Koeberl, 2006) and the innermost contour of the area having highest R 2 using microtektite data in this study, have ~40 % overlap.
It could be seen that evidence derived from varying sources, i.e., the distribution of Muong Nong-type tektites, isotopic and chemical data, Landsat imagery data, as well as evaluations derived from microtektite abundance data, all point towards a location broadly within the geographic confines shown in Fig. 2 (12 -26 0 N and 98-112 0 E).
This general location seems to be reasonably rigorously defined. From the data presented here, the center of the crater location that best explains the spatial variation of the entire data of microtektite core sites is18 0 N;104 0 E.
Majority of investigators using different methods converged on a source crater with a diameter range of 32-125 km (Glass and Pizzuto, 1994; Burns and Glass, 1989; Schnetzler et al., 1988; Hartung and Koeberl, 1994; Schnetzler, 1992; Lee and Wei, 2000; and Glass, 2003) , the exceptions being Schmidt et al. (1993) and Ma et al. (2004) whose proposed crater sizes are in the range 15-19 km and 4.4-18 km respectively.
Therefore, considering the crater sizes of the other three tektite strewn fields, and by the estimations given by several investigators it is reasonable to assume that the crater diameter of the Australasian tektite strewn field should be at least >30 km. It has been a frustrating aspect of this strewn field that none has been identified as yet. Crater location based on microtektite data has been refined with the addition of new data (e.g., Lee and Wei, 2000; Glass, 2003; Glass and Koeberl, 2006) since the technique has been first applied by Glass and Pizzuto (1994) . Finally, in this study, using all available microtektite data the crater location shows highest regression value at 18 0 and 104 0 E.
Offshore sampling has not been systematic and radially away from the Indochina region, because the primary purpose of all samples used in these studies has not been to investigate Australasian impact ejecta distribution. Whereas, onland in Indochina, more focused sampling was carried out (e.g., Izokh, 1988) , with the result that a large region of ~200 X 350 km in NE Thailand, S. Laos and Vietnam of Muong Nong-type only tektites has been identified (Schnetzler, 1992; Wasson et al., 1995; Schnetzler and McHone, 1996; Fiske et al., 1999) . The above region is very close (~125 km due S-SE)
to the crater site identified in this study.
Considering all the different types of investigations carried out so far in the Indochina region, if a crater was on land the possibility is that such a large structure should have been discovered by now, or at least strong possibility of its location would have been identified. The offshore regions, especially the Gulf of Tonkin have not been investigated in any detail as yet, these areas should hold some concrete evidence. Glass and Koeberl (2006) suggested the Gulf of Tonkin to be a promising candidate site in view of the indication shown by low 10 Be contents of the tektites surrounding this area which indicate proximity to the impact site (Ma et al., 2004) .
CRATER SIZE ESTIMATION
Once the location of the source crater is determined, the slope obtained from the regression can help us define the radial decay constant and use it to estimate the diameter of the source crater (Glass and Pizzuto, 1994) . Based on the earlier equations given by StÖffler et al. (1975) and McGetchin et al. (1973) , Glass and Pizzuto (1994) Therefore the estimated diameter of the crater is approximately 120 km.
We see that there may occur some uncertainty in determination of the crater diameter based on the error present in the estimates of regression analysis. Thus the uncertainty in the diameter lies between 50 km to 360 km. If we consider the 46 location data from Glass and Koeberl ( 2006 ) , having slope = -4.3+0.27 and intercept = 24+ 0.9, following the same procedure we get a diameter equal to 124 km. And the uncertainty in the diameter estimate lies between 50 km to 350 km. However, by using StÖffler et al's (1975) equation using the concentration of ejecta and the distance from the source, the crater size considering the entire microtektite data is 33 +8 km. This is quite close to the crater diameter of ~32 (+14) km proposed by Glass and Pizzuto (1994) using the same equation. However, Glass and Koeberl (2006) considered solely the unmelted ejecta associated with the Australasian microtektite layer for which they obtained a higher R 2 value, and defined a crater diameter of 43 +9 km by using the equations given by StÖffler et al. (1975) . While the least square method shows much higher levels of uncertainty, calculation according to StÖffler et al's (1975) equation gives a crater size much closer to reality as ascertained by Glass and Pizzuto (1994) by testing with the data on the Ivory coast tektite strewn field and the Bosumtwi crater. However, it is pertinent to note that StÖffler et al's (1975) equations apply mainly to the lunar craters where the gravitational field is different.
CONCLUSIONS
In all, 75 locations containing Australasian microtektites have been identified so far.
Based on various sources of evidence, most investigators agree that the source crater for the Australasian tektite strewn field is located in Indochina. Glass and Pizzuto (1994) , Lee and Wei (2000) and Glass and Koeberl (2006) carried out regression analysis using microtektite abundance data to arrive at the location of the possible impact site.
We identified 15 new Australasian microtektite bearing locations, added this data to the existing database and carried out regression analysis of the microtektite number density at each site for three data sets starting from that presented by Glass and Pizzuto (1994) for 42 sites, Glass and Koeberl (2006) for 46 sites and the total microtektite data set (including 15 from this study) comprising of 61 locations.
Most of the impact sites suggested by several investigators fall within the coordinates : 12 -26 0 N and 98 -112 0 E We used these three data sets and carried out a systematic regression analysis at 0.50 degree interval grid within these coordinates. The area having the maximum correlation coefficient by using the entire microtektite data is located at 18° N and 104° E. Systematic investigation of the Gulf of Tonkin, South China Sea should provide better clarity on the Australasian tektite source crater.
Further, using the average microtektite size derived from size measurements from 16 different locations, and using the equations given by Glass and Pizzuto (1994) , the estimated diameter of the crater is ~120 km, however, the diameter could vary from 50 km to 360 km, given the uncertainties in the data, however by using StÖffler et al.'s (1975) equation the crater has a diameter of 33 +8 km.
LEGENDS TO FIGURES 1) Figure 1 : Map showing the outlines of the Australasian tektite strewn field, figure based on Glass and Wu (1993) . Filled circles show core location data from Glass and Pizzuto (1994) and Glass and Koeberl (2006) -46 cores used for estimating crater location. Filled squares are 15 cores from the present study. Diamond in the Indochina region is the location of the proposed crater in this study.
2) Figure 2 : Map showing the seven best correlated sites using 61 microtektite locations (1) This study; (2) Glass and Koeberl (2006) : 46 microtektite location data; (3) Ma et al., (2004) ; (4) Schmidt et al. (1993) ; (5) Glass (2003); (6) Schnetzler (1992); (7) Glass and Koeberl (2006) using ummelted ejecta. The stars are high abundance core sites from Glass and Koeberl (2006) .
3) Figure 3 : Plot showing the square of correlation coefficients or R 2 values plotted against the crater location postulated by various authors. Serial numbers 1-12 along the x-axis correspond to the serial numbers in Table 4 . Diamond shows R 2 values using 41 core location data from Glass and Pizzuto (1994) ; filled circle shows 46 location data from Glass and Koeberl (2006) , and the line with the square boxes as symbol is computed utilizing the entire core site data (61 locations) including the 15 new core sites from this study. Figure 4 : (a)The R 2 contour map indicating the crater location based on 46 microtektite sites from Glass and Koeberl (2006) . The R 2 values were calculated by performing a systematic regression analysis at every node spaced at an interval of 0.5 0 . This indicates that the crater location could anywhere within the innermost contour having the highest R 2 value.
4)
(b) The R 2 contour map indicating the crater location based on all the cores sites (61 sites in all) including the 15 new cores used in this study. The R 2 values were again calculated by performing a systematic regression analysis at every node spaced at an interval of 0.5 0 . The crater could be located anywhere within the innermost contour having the highest R 2 value. Note that while the crater defined in this figure falls in the same broad area as (a) above, however, there is a slight eastward shift into the Gulf of Tomkin. # 19 is from a dredge and possibly a bioturbated sediment, therefore the ratio would not be valid here. # 23 is from a dredge sample, and the search bias was more towards >250 um size fractions therefore the ratio would not be valid. 
